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Pheromone-responsive conjugative plasmids are unique to the species Enterococcus faecalis. Many phero-
mone-responsive plasmids, including those frequently isolated from sites of infection, express a novel cytolysin
that possesses both hemolytic and bacteriocin activities. Further, this cytolysin has been shown to be a toxin
in several disease models. In the present study, nucleotide sequence determination, mutagenesis, and
complementation analysis were used to determine the organization of the E. faecalis plasmid pAD1 cytolysin
determinant. Four open reading frames are required for expression of the cytolysin precursor (cylL9, cylLS,
cyiM, and cyiB). The inferred products of two of these open reading frames, Cyll and CylLs, constitute the
cytolysin precursor and bear structural resemblance to posttranslationally modified bacteriocins termed
lantibiotics. Similarities between the organization of the E. faecalis cytolysin determinant and expression units
for lantibiotics exist, indicating that the E. faecalis cytolysin represents a new branch of this class and is the
first known to possess toxin activity.

Enterococcusfaecalis isolates derived from infection sites are
more frequently hemolytic than isolates from the oral cavity or
stools of healthy volunteers (22, 26, 48). The variable nature of
the hemolytic phenotype results from the hemolysin determi-
nant being located on highly transmissible, pheromone-respon-
sive plasmids (e.g., pAD1; recently reviewed in references 8
and 9), although evidence has been obtained recently for its
occasional residence on the E. faecalis genome (23). The
observation of acute toxicity of hemolytic E. faecalis, when
injected intraperitoneally in mice (25), suggested that the
hemolysin may contribute to bacterial virulence in models of
human disease. Hemolytic E. faecalis strains have been ob-
served to cause a more rapid and fulminant endophthalmitis in
a rabbit infection model than isogenic strains rendered non-
hemolytic as the result of insertion of a transposon into various
areas of the hemolysin determinant (29). Similar observations
of an endocarditis model where hemolytic strains were found
to be significantly more toxic than isogenic, nonhemolytic
mutants have been made (6; for a recent review of enterococ-
cal virulence, see reference 28).

Contributing to virulence is a common motif for bacterial
hemolysins (3, 35, 46, 47). The E. faecalis hemolysin, however,
is unique in that in addition to mediating lysis of erythrocytes,
it also possesses antibacterial activity toward a broad range of
gram-positive bacteria (4, 5, 27). The hemolysin/bacteriocin
(or, generically, cytolysin) may contribute to enterococcal
virulence through its toxic activity or by disrupting local
ecology.
The cytolysin determinant encoded by pAD1 has been

cloned and has been characterized by transposon mutagenesis
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and deletion analysis (24). Two functional domains of the
operon were identified in these studies-one region encoding
what had been identified previously as the toxin precursor
(operationally defined as component L [18]) and the second
region encoding an activator (termed component A [18]). Both
component L and the activated hemolysin were observed to be
heat stable, whereas the activator was observed to be heat
labile (24).
The nucleotide sequence of the activator or component A

gene (cylA) and characterization of the physical nature of the
cyt4 gene product have been reported previously (41). Com-
ponent A, or CyIA, was observed to share physical and
biochemical features with serine proteases of the subtilisin
class. Interestingly, the cloned cyL4 gene was also observed to
contribute to immunity to the related bacteriocin activity. A
model was therefore proposed for the extracellular activation
of the E. faecalis cytolysin precursor by limited proteolysis
mediated by CyIA. Further proteolysis under conditions of
CylA excess, as was observed at the cell surface, may inactivate
the cytolysin (41).

Immediately 5' to cylA is cylB, whose nucleotide sequence
has been reported (17). cylB is the first member of the HlyB
family of ATP-binding transport proteins to have been identi-
fied in an operon from a gram-positive bacterium (15, 17).
CylB was observed to be essential for externalization of the E.
faecalis cytolysin precursor activity, component L.

Although a substantial amount of information describing (i)
the protein that activates the E. faecalis cytolysin precursor
extracellularly (41) and (ii) the dependence of cytolysin pre-
cursor externalization on CylB expression (17) has been ob-
tained, little is known about the cytolysin precursor or its
relationship to other toxins and bacteriocins of gram-positive
bacteria. It was therefore of interest to determine the complete
nucleotide sequence of the region of pAD1 DNA identified as
being required for expression of the E. faecalis cytolysin and to
use site-specific mutagenesis and complementation analysis to
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FIG. 1. Schematic representation of the cloned region of pAD1 that mediates expression of the cytolysin in E. coli in construction pRAS28-4
(24). The insert was subcloned as an SstI-SalI fragment into the vector pKIM2 (see Materials and Methods) to generate the construction pKIMCyl.
Extraneous sequences at the right end as illustrated were removed (to the point indicated by the arrow), generating construction pXMA9. Insertion
of mutagenic linkers (vertical arrows) into the PstI and HindIII sites of pXMA9 at the positions indicated generated pX9fPAT and pX9f1HAT,
respectively, following transfer of the mutated inserts into shuttle vector pAT28 (44). pX9flEAT and pX9f1AAT were generated by linker insertion
mutagenesis at EcoRV andAvaII restriction sites, respectively, using an analogous procedure. pCylBQAT and pCylBfkAT-Nru were derived from
pRAS28-41 (17) as described in Results and possess linker insertion mutations where indicated. pRAS28-4Q and pCylBflAT mutations result in
the in-frame insertion of the amino acid sequence MHRS (17) at the point indicated, whereas the mutation in pCylBflAT-Nru results in a
frameshift mutation. Deletion derivatives of pX9fIPAT and pX9fIAAT lacking most of the CylA reading frame were constructed by digestion with
BalI (which occurs within the cyL4 reading frame [41]) and Salf (which defines the right end of the insertion diagrammed) and blunting of the
protruding end with Klenow fragment ofDNA polymerase and deoxynucleotide triphosphates prior to closure with ligase. This resulted in deletion
of the C-terminal three-fourths of the CylA coding sequence to the position indicated by the horizontal arrow below the map, and the resulting
deletion derivatives were designated pX9UPATAA and pX9flAATAA. The positions of Tn917 insertion within the cytolysin determinant of pAD1,
generating plasmids pAM9064, pAM9061, and pAM9055, were mapped previously (24), as was the position ofTn917 insertion in the pAD1::Tn917
derivative pAM307 (17, 42). The hatched area spanning coordinates 900 to 7200 represents that section of the operon observed to be related to
expression of the cytolysin precursor previously termed component L (24). The cross-hatched area denotes the region of the determinant identified
to be related to expression of the cytolysin activator component A (24, 41). The positions of ORFs cylLL, cylLs, cyiM (solid horizontal arrows), cyiB
(17), and cylA (41) (shaded horizontal arrows) required for cytolysin expression, relative to transposon and mutagenic linker insertions, are
indicated.

determine the involvement of observed reading frames in
cytolysin expression. The results of this study provide evidence
that the operon encoding the E. faecalis cytolysin is related to
antibiotic operons found in other gram-positive bacteria. The
E. faecalis cytolysin is the first relative of this class of antimi-
crobial agents known to possess toxin activity.

MATERIALS AND METHODS

Bacteria and culture media. E. faecalis FA2-2 (10) and
UV202 (14, 49) strains were used as hosts to evaluate extra-
cellular complementation and intracellular complementation,
respectively. E. faecalis strains were cultivated routinely in
brain heart infusion (Difco, Detroit, Mich.), whereas Luria-
Bertani broth (37) was used for the cultivation of Escherichia
coli strains. Antibiotics (Sigma Chemical Co., St. Louis, Mo.)
used for selection of E. faecalis strains included rifampin and
fusidic acid at 25 jg/ml each, chloramphenicol and tetracycline
at 10 jig/ml each, and streptomycin and spectinomycin at 500
jig/ml each (except for maintenance or selection of pAT28-
based [44] clones, for which spectinomycin at 250 pug/ml was
used). For maintenance of recombinant constructions in E.
coli, ampicillin at 100 jig/ml, chloramphenicol at 25 pig/ml, or
spectinomycin at 150 jxg/ml was used where appropriate.
Blood agar plates were used for the qualitative detection of

hemolytic activity. These plates contained brain heart infusion
and 1.5% Bacto Agar (Difco) to which washed, human or
bovine erythrocytes were added to a final concentration of 5%.

Nucleotide sequence determination. Nested deletions of the
cloned pAD1 cytolysin determinant contained in plasmid
pRAS28-4 (Fig. 1) were constructed as described previously
(16, 20). Nucleotide sequence determinations were made with
commercially available kits for single-stranded template-di-
rected reactions (Sequenase 2.0; U.S. Biochemical, Cleveland,

Ohio) or double-stranded template-containing reactions (fmol
DNA Sequencing System; Promega, Madison, Wis.), as in-
structed by the manufacturers. S incorporated into the
dideoxynucleotide terminated chains from 5'-(a-thio)dATP
(DuPont NEN; Wilmington Del.) precursors was detected by
exposing the resulting, dried, 6 to 8% polyacrylamide gels to
Kodak SB X-ray film overnight.

Restriction site mutagenesis. Restriction enzyme recogni-
tion sites occurring in each open reading frame (ORF) of the
cytolysin operon were mutagenized by linker insertion. The
hemolysin-encoding insert of pRAS28-4 (24) was subcloned
into pKIM2 (a fusion of the lacZa and multiple-cloning-site
region of pUC18 and the cat gene and replication functions of
pACYC184 [15a]) as an 8.3-kb SstI-SalI restriction fragment,
yielding the construction pKIMCyl. This was the first step in
generating a construction lacking vector HindIII and PstI sites,
so that those sites occurring in the cylLL and cyiM reading
frames would be unique and amenable to mutagenesis. Extra-
neous information encoded at the Sail-proximal end of the
cloned determinant, as well as vector HindIII and PstI recog-
nition sites, was then removed as follows. Five micrograms of
pKIMCyl was linearized by Sail digestion and degraded bidi-
rectionally with 6 U of Bal 31 exonuclease for 1 to 30 min
essentially as described previously (24). The DNA molecules
were recircularized by ligation in the presence of 100 pmol of
the self-complementary oligonucleotide 5'-PGCTCTAGAG
COH-3', which introduced a unique XbaI site at the new fusion
point. Multiple linker insertions were eliminated by digestion
of the ligation products with XbaI, ultrafiltration through a
Centricon 100 ultrafiltration capsule (Amicon, Beverly, Mass.)
to remove excess linker, and finally religation. JM109 was
transformed by electroporation as described elsewhere (13).
The smallest deletion derivative that conferred the hemo-

lytic phenotype to E. coli transformants was termed pXMA9
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(Fig. 1). Lacking vector PstI and HindIII restriction sites,
pXMA9 was used for linker insertional mutagenesis of EcoRV
(upstream ORF), PstI (reading frame cylLL, as described
below), and HindIII (cylM) sites occurring within the cloned
cytolysin determinant. Mutagenesis was accomplished by lin-
earizing 1 pug of pXMA9 with either EcoRV, PstI, or HindIII
and religating in the presence of the self-complementary,
nonphosphorylated oligonucleotide CCGAGCTCGG, GGTA
CCTGCA, or AGCTGGTACC, respectively. The first oligo-
nucleotide (CCGAGCTCGG) was used to introduce an SstI
recognition site into the interrupted EcoRV site. The second
and third oligonucleotides introduced KpnI recognition sites
into interrupted PstI and HindIII sites, respectively. Again, the
chance of multiple insertions of linker sequences was mini-
mized by heating each of the ligation products (with phos-
phodiester bonds introduced at the 3' ends of the nonphos-
phorylated linkers only) to 650C, ultrafiltration through
Centricon 100 capsules, and reannealing at the ambient tem-
perature prior to transformation.
A reading frame identified in sequencing and complemen-

tation studies, termed cylLS, lacked a restriction enzyme

recognition site that was unique within the operon. Therefore,
a 7.3-kb BclI fragment of the cytolysin determinant (previously
cloned and described as pBCL3 [24]) was used for mutagene-
sis. This fragment lacks AvaIl recognition sites aside from that
occurring within the cylLs reading frame and contains all of the
cytolysin determinant except for the C-terminal half of the
CyIA-encoding region. A self-complementary, nonphosphory-
lated adapter of sequence GTCAGGATCCT was inserted into
theAvaII site by ligation, heating, ultrafiltration, and annealing
as outlined above. This adapter introduced a BamHI site and
a frame shift into the cylLs reading frame. The 3' end of the
operon containing the remainder of cyLA was restored as

described previously (24), resulting in an intact operon with
cylLs selectively interrupted. A schematic representation of the
insertion and deletion mutations constructed and tested in this
study is provided in Fig. 1.

Insertionally mutagenized cytolysin determinants were sub-
cloned into shuttle vector pAT28 (44), as either SstI-XbaI or

KpnI-XbaI fragments, and introduced into E. faecalis by elec-
troporation as previously described (11).
Complementation analysis. Intracellular and extracellular

trans-complementation capabilities were assessed on blood
agar plates. Previously mapped transposon insertions within
the cytolysin operon of pAD1 (24) were complemented by
restriction site-specific mutations cloned into the compatible
vector pAT28 in the recombination-deficient strain UV202
(14, 49). These complementation pairs of plasmids within the
same cell were examined for the ability to produce zones of
hemolysis after incubation on blood agar for 24 to 48 h.
Extracellular complementation was observed at the junction of
cross-streaks on blood agar after 24 to 48 h of incubation as

described previously (17, 24, 41).
Nucleotide sequence accession number. The GenBank nu-

cleotide sequence accession number for the E. faecalis cytoly-
sin operon is L37110.

RESULTS

Portions of the nucleotide sequence of the cloned pAD1
cytolysin determinant encoding the cytolysin activator (cyA)
and an ATP-binding cassette transporter (cyIB) have been
reported previously (17, 41). The relationship between cylA,

cyiB, and the three new reading frames identified in this study
(cyIM, CylLL, and cylLs) is shown in Fig. 1.

Nucleotide sequence determination and characteristics of

cylLL and cylLs. The nucleotide sequence of cylLL, cylLs, and
cyiM is provided in Fig. 2. The nucleotide sequence is remark-
able in containing a duplication with 70 identities over 78 bases
(Fig. 2, residues 627 to 714 and 903 to 980), including a run of
47 consecutive identities. Moreover, these repeats are included
within a region predicted to contain extensive secondary
structure (not shown). Each of the repeat sequences occurs in
separate small ORFs, termed cylLL (68 amino acids) and cylLs
(63 amino acids). Alignment of the inferred amino acid
sequences encoded by cylLL and cylLs reveals little sequence
similarity outside of the acidic domain encoded by these repeat
sequences. The repeats, which encode (with a single conserved
substitution) at the amino acid sequence level PSFEELS(V or
L)EEMEAIQGSGDVQAETTP, occur at subtly different lo-
cations within the CylLL and CylLs reading frames (Fig. 2).
Within CylL_, the repeat is located near the amino terminus
and begins at the eighth amino acid. In CylLs, however, the
repeat is located in the center of the small protein, 19 residues
from the amino terminus and 18 residues from the carboxyl
terminus.

Aside from the highly conserved 26-amino-acid domain,
bracketed at each end by proline residues, there are local
similarities surrounding cysteine residues that occur within the
inferred sequences of CylLL and CylLs. Overlapping the
C-terminal end of the large conserved domain is the sequence
11XXC in both CyILL and CylLs. Additionally, CylL_ pos-
sesses the related sequence SSXXC, nine residues further
toward the C terminus. Finally, both CylL_ and CylLs share a
common sequence at the C terminus of SXKXC. As discussed
below, these features are similar to those observed in the
precursors of well-characterized lantibiotics (1, 19, 31, 32, 40).
The overall organization of a hydrophilic N-terminal domain
followed by a hydrophobic C-terminal domain is also similar to
that observed for lantibiotic precursors (1, 30-32, 40). In
contrast to well-characterized lantibiotics which are cationic,
however, CylL_ and CylLs both are predicted to possess
substantial acidic character, with theoretical isoelectric points
of 3.82 and 3.91, respectively.
CyLL and CylLs are required for cytolytic activity. To

demonstrate that both CylLL and CylLs are required for both
hemolytic and bacteriolytic activity, the following mutagenesis
and complementation experiments were performed. The read-
ing frame encoding CylLL contained within the clone pXMA9
was interrupted by insertion of a 10-nucleotide, partially
self-complementary linker into a unique PstI site, resulting in a
frameshift mutation, as described in Materials and Methods.
The resulting construction was designated pX9flP. When
subcloned into the shuttle vector pAT28 (44), the clone
pX9flPAT, which was capable of replication in E. faecalis,
resulted (Fig. 1). Transformants of E. faecalis FA2-2 harboring
pX9f1PAT were phenotypically nonhemolytic and nonbacte-
riolytic, indicating that the targeted reading frame was essen-
tial for cytolysin activity. When these transformants were
cross-streaked with FA2-2(pAM9055) (a strain harboring a
Tn917 insertion within the CylA gene of pAD1 [24] [Fig. 3]),
however, hemolysis occurred at the junction, indicating that
FA2-2(pX9flPAT), although deficient in expression of the
inactive cytolysin precursor, remained capable of expressing
and secreting the activator component, CylA.
The CylLs reading frame was inactivated by a similar

strategy, which involved insertion of an 11-nucleotide partially
self-complementary linker into an AvaII restriction site to
generate the construction pX9f1A. However, since additional
AvaIl restriction sites occurred within construction pXMA9,
the insertion was initially made into a clone harboring only a
portion of the cytolysin determinant and the complete deter-
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TTTTATTCAGGTTGCCATTGAAAAATATCTTCTAGTGGAGTATTCAGGTAGTAAGCAATT
1- + . +- + . + - + - + 60

TTTAATGCTAACTGTAAAGAAGGGTTATATTTATTTTTTTCTATACCATTAATAGTTTGT
61- +.+- + +- +- + 120

CTGCTAACTTCTAATAAAGCAGCTAATTCACTTTGGCTAATTTTTTTTTTCTCTCTAATT
1212 . +- + . +------------------------+-----+ 180

AATTTTAAGTTATTGATTATCATTTATGAAGTCCTCTTGTTGAAAAAAAGTAGTAACAGA
181-+---------+----+----- -----------+ 240

GAGTGCAATATCATTGATAGAGAGAAGTAATAGTAGACAAAATTAAAGAGATAGTTTTTA
241 -.-.-.-.------+---+-------+-+ - + . + 300

GTAATAACATTAGGTAGAAAAAGAAAAATAGCAACTACTATAAGTATGGAAAAGTTAATA
301- + + . + . + . + . + 360

AATAAGTACATGTAAGTAGATGTTAAGGAAATTGTATATAAAATTCGCTCATCTTTTTTT
361- +.+ +- +- +- + 420

EcoRV
GAATCAGTCAGATTAAAAACAAAGTAGACTACAGAAATGATATCCAATAAAAAAATAAAA

421- + . + . + - + - + + 480
CTTAGTCAGTCTAATTTTTGTTTCATCTGATGTCTTTACTATAGGTTATTTTTTTATTTT

ATAGCCATTTTGGTTCCTCCTTTTTGTCAAGTGACACTTGGCAAAAGATTAAAAGCTCTA
481 ---------+--.-.-.-.-.-----+------- +- +- + 540

TAATATTAAATTGTAACATATTATGTTATGCAATATACAACAATTTTATGATGGAGGGTA
541- + . + --+.-------+---------------- + 600

AGAATTATGGAAAATTTAAGTGTAGTTCCTAGTTTTGAAGAACTAAGTGTTGAGGAAATG
601 - + . +-+------------+-----------+------------+ 660

CylLL:M E N L S V V P S F E E L S V E E M -

GAAGCGATTCAAGGTAGTGGAGATGTTCAGGCTGAGACAACACCGGTGTGTGCTGTTGCG
661 +. .+ . + . + . + . + 720

E A I Q G S G D V Q A E T T P V C A V A -

PstI
GCGACAGCTGCAGCAAGTAGTGCTGCTTGTGGCTGGGTTGGTGGCGGTATTTTTACTGGA

721- + +.+- +- +- + 780
A T A A AS SAAA &CG W VGGG GG I F T G -

GTAACTGTAGTTGTGTCTTTAAAACATTGTTAAAATATACTATAAAACTTAGTGAGGTGA
781- + . + . +---------- +-------------+.------.-.---+ 840

V T V V V S L K H C *

AGCACAGTGCTAAATAAGGAAAATCAAGAAAACTATTACTCTAATAAATTAGAACTTGTT
841- +.+- +- +--- 900

CylL8:V L N K E N Q E N Y Y S N K L E L V -

AvaII
GGTCCTTCTTTTGAAGAGTTAAGTTTAGAAGAAATGGAAGCGATTCAAGGTAGTGGAGAT

901- + +- +- +- +.+ 960
G P S F E E L S L E E M E A I Q G S GD -

GTTCAGGCTGAGACAACTCCAGCATGTTTTACCATAGGCTTAGGAGTAGGTGCATTATTT
961- +- +- + - + - + + 1020

V Q A E T T P AC. F T I G L G V G A L F -

TCAGCTAAATTTTGCTAATTTATATATTAAGAGGGCTAGTGAAACTAGCCCTCTTATACA
1021- + +- + . + . +- + 1080

S A K F C *

TAAAAAAGGAGTGCTTACATGGAAGATAATTTAATAAATGTTTTAAGCATAAATGAAAGA
1081 +- + . + . + . + . + 1140

CylM: M E D N L I N V L S I N E R -

HindIII
TGCTTTTTACTAAAGCAAAGTGGTAACGAGAAGTACGACATTAAAAATTTACAAGCTTGG

1141 +- + . + . + . +- 1200
C F L L K Q S G N E K Y D I K N L Q A W -

AAAGAAAGAAAAAGTGTTCTTAAACAAGATGATTTAGACTACTTGATTAAATATAAATAT
1201 +. + . + . + . +- + 1260

K E R K S V L K Q D D L D Y L I K Y KY -

GAATCACTGGATAATTTTGGATTAGGAATAACACCTATTGAAAACTTTCCTGATAAAGAA
1261- +- + ..-.-.- 1320

E S L D N F G L G I T P I E N F P D K E -

GTTGCAATTCAATACATTAAAGATCAATCATGGTATATTTTTTTTGAATCCATTTTAGAT
1321321 -+----.----------+--------+---------------+ 1380

V A I Q Y I K D Q S W Y I F F E S I L D -

TCTTATAATGATAGTGAAGAGCAATTATTAGAAGTAGATGCTAGTTATCCTTTTAGATAT
1381 + . + . + . + . + . + 1440

S Y N D S E E Q L L E V D A S Y P F RY -

TTCTTACAATATGCTCGTTTATTTTTACTTGATTTAAACTCAGAGTTAAATATTTGTACA
1441- + . + . + . + . + + 1500

F L Q Y A R L F L L D L N S E L N I C T -

AAAGAATTCATTATTAATTTATTAGAAAATCTAACACAAGAGCTTATTCACTTGACAAGT
1501- +- +- ++-+.+ 1560

K E F I I N L L E N L T Q E L I H L TO -

AAAACATTAGTGCTAGATTTGCATACTTTTAAAAAAAATGAACCTCTAAAGGGAAATGAT
1561- + . + . + - + - + + 1620

K T L V L D L H T F K K N E P L K G ND -

AGTAGCAAGCGATTTATCTATTATCTAAAAAAAAGATTTAACTCTAAAAAAGATATAATA
1621- +---+- +.+ + 1680

S S K R F I Y Y L K K R F N S K K D II -

GCTTTTTATACATGCTATCCTGAGTTGATGCGTATTACTGTTGTTAGAATGAGATATTTT
1681 + . + . +- + . + .. 1740

A F Y T C Y P E L M R I T V V R M R Y F -

TTAGATAATACTAAACAAATGCTTATAAGAGTGACTGAAGATTTACCTAGCATACAAAAT
1741741------- +--------+.-.--------+---------+ 1800

L D N T K Q M L I R V T E D L P S I Q N -

TGTTTTAACATACAATCCTCAGAGCTTAACTCTATATCAGAATCACAGGGAGACTCTCAT
1801 + . + . + . + . + . + 1860

C F N I Q S S E L N S I S E S Q G D S -

AGTCGCGGAAAAACTGTTTCTACACTAACTTTTTCTGATGGAAAGAAGATAGTATACAAG
1861- +- + . +-+ . + . 1920

S R G K T V S T L T F S D G K K I V YE -

CCAAAGATTAATAGCGAGAATAAATTAAGAGATTTTTTTGAATTTTTAAATAAAGAATTA
1921- + . +- +-------------------------------+ 1980

FIG. 2. Nucleotide sequence of the E. faecalis cytolysin operon. Restriction sites mutated by linker insertion are indicated in boldface letters.
Conserved domains within CylLL and CylLs are shown in italics. Common motifs surrounding cysteine residues within CylLL and CylLs are

underlined. The complete nucleotide sequence for the region of the cytolysin determinant that encodes CyiLL (nucleotides 607 to 810), CylLs
(nucleotides 847 to 1035), and CylM (nucleotides 1099 to 4077) is provided. The relative positions of the two previously reported nucleotide
sequences encoding CylB (nucleotides 4092 to 6233 [17]) and CylA (6233 to 7468 [41]) are indicated.

minant was reassembled following mutagenesis as described in
Materials and Methods. The reconstituted, mutated cytolysin
determinant was subcloned as before into shuttle vector
pAT28 and transformed into E. faecalis, yielding strain FA2-
2(pX9fIAAT) (Fig. 1). This construction also was observed to
be noncytolytic for either erythrocytes or bacteria, suggesting a

critical role for CylLs in the expression of cytolysin activity. As
was the case for linker insertions within cylLL, FA2-
2(pX9fQAAT) was observed to complement FA2-2(pAM9055)
demonstrating the continued production of the CylA activator
by FA2-2(pX9fIAAT).

Although the observation that insertional inactivation of
cylLL and cylLs resulted in noncytolytic transformants pro-
vided substantial evidence for the involvement of these com-

ponents in hemolysin and bacteriocin activities, it was incon-
clusive since this phenotype would also be predicted to result
from polar effects on ORFs located between cylLs and cyLA.

Unambiguous proof of the involvement of both CylLL and
CylLs in cytolysis was obtained by cross-streaking FA2-
2(pX9fQAAT) (CylLs deficient) and FA2-2(pX9fQPAT) (CylLL
deficient) on blood agar plates. As shown in Fig. 4, hemolysis
occurs at the junction of this cross-streak, indicating (together

with previous observations on the activity of CyIA [41]) that
three extracellular factors participate in the cytolysis reac-

tion-CylL_, CylLs, and CylA-even though CylLL and CylLs
translation products lack obvious signals for secretion via the
SecA-SecY pathway (2).

Nucleotide sequence and properties ofcylM. Separated by 60
nucleotides 3' to the terminator codon of cylLs is a large
reading frame termed cylM. The putative start codon and
ribosome binding site initiating cylM occur at the end of the
potentially large secondary structure that includes most of the
cylLL and cylLs reading frames referred to previously. cyiM
appears to encode a large cytoplasmic protein of 993 amino
acids. Comparison of the inferred sequence of the cylM gene
product to sequences within the GenBank database revealed
sequence similarity in the C-terminal half (residues beyond
position 450), with proteins encoded within lantibiotic operons
(an observation brought to our attention by R. Siezen [42a]).
Among related sequences associated with lantibiotic expres-
sion are NisC (414 amino acids; accession number S36737
[36]), which exhibited 45.96% similarity when aligned accord-
ing to the default parameters for the University of Wisconsin
Genetics Computer Group version 7.2 program Bestfit (12),
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P K I N S E N K L R D F F E F L N K EL -

GAGGCAGATATTTATATAGTTAAAAAAGTTACTAGAAATACCTATTTCTATGAAGAATAT
1981 +- +- + . + . +- + 2040

E A D I Y I V K K V T R N T Y F Y E E Y -

ATAGATAATATAGAAATAAATAACATAGAAGAAGTAAAAAAATATTATGAAAGGTATGGT
2041 + . + . + . + . + . + 2100

I D N I E I N N I E E V K K Y Y E R Y G -

AAACTAATCGGAATAGCTTTCTTATTTAATGTAACAGACTTACACTATGAGAATATAATC
2101 +- + . + . + . +-+ 2160

K L I G I A F L F N V T D L H Y E N II -

GCTCATGGAGAATACCCTGTTATCATAGATAACGAAACTTTTTTTCAACAAAATATTCCT
2161- +- + + . + . +-+ 2220

A H G E Y P V I I D N E T F F Q Q N I P -

ATAGAGTGGTAATAGCGCAACAGTAGATGCTAAATATAAATATTTAGATTCTATAATG
2221 + . + . + + . +- +2280

I E F G N S A T V D A K Y K Y L D S I -

GTGACAGGGCTAGTACCATATTTAGCGATGAAAGATAAGTCAGATTCGAAAGATGAAGGG
2281 +- + . + . + . +-+ 2340

V T G L V P Y L A M K D K S D S K D EG -

GTTAACCTTAGTGCGTTAAACTTTAAAGAGCAAAGCGTACCGTTCAAGATATTAAAAATT
2341 + . + . + . + . + . + 2400

V N L S A L N F K E Q S V P F K I L K I -

AAAAATACATTTACTGATGAAATGCGTTTTGAATATCAAACACACATTATGGATACTGCA
2401- + . + . + + . + . + 2460

K N T F T D E M R F E Y Q T H I M D TA -

AAAAATACTCCAATTATGAATAATGAAAAAATTAGTTTTATCAGCTATGAAAAATATATA
2461 +- + . + . +-+ . + 2520

K N T P I M N N E K I S F I S Y E K Y I -

GTTACTGGTATGAAAAGTATTTTAATGAAAGCAAAGGATTCTAAGAAAAAAATATTGGCA
2521 +- +-+ . + . +-+ 2580

V T G M K S I L M K A K D S K K K I LA -

TATATTAATAATAATTTACAAAATCTTATAGTTAGAAATGTAATCAGACCAACTCAAAGA
2581 +- . + . + . +-+ 2640

Y I N N N L Q N L I V R N V I R P T Q R -

TATGCTGATATGTTGGAATTTTCATACCATCCTAATTGCTTTTCTAATGCAATAGAGAGA
2641- +-+ . +-+ + . + 2700

Y A D M L E F S Y H P N C F S N A I ER -

GAAAAAGTACTTCATAATATGTGGGCCTATCCATATAAGAATAAAAAGGTAGTTCATTAC
2701- +-+ . +-+ + - 2760

E K V L H N M W A Y P Y K N K K V V HY -

GAATTTTCAGACTTAATAGATGGAGACATACCCATTTTTTATAACAATATCTCAAAAACA
2761- +-+. . . 2820

E F S D L I D G D I P I F Y N N I S K T -

TCATTAATAGCTAGTGACGGGTGCTTAGTAGAAGATTTTTATCAAGAAAGCGCTCTGAAT
2821 . +-+ . - . 2880

S L I A S D G C L V E D F Y Q E S A L N -

AGATGCCTAAATAAAATAAATGATCTTTGTGATGAAGATATTTCTATTCAAACCGTTGG
2881 +-+-+ 2940

R C L N K I N D L C D E D I S I Q T V W -

FIG. 2-C

EpiC (455 amino acids; accession number P30196 [39]) which
was 45.519% similar, and SpaC (441 amino acids; accession
number C42655 [7]) which exhibited 47.529% similarity. Im-
portantly, conserved residues include those putatively assigned
to the active site of this class of proteins (42a).
Requirement of cyIM for cytolysin expression. To determine

whether cyIM was essential for cytolysin expression, the cyIM
reading frame was interrupted by the insertion of a 10-
nucleotide linker generating a frame shift. As described in
Materials and Methods, the mutagenic linker was inserted into
a unique HindIII restriction site within pXMA9, generating the
plasmid pX9flH. The mutated cytolysin determinant was
subcloned into shuttle vector pAT28, resulting in the construc-
tion pX9fQHAT (Fig. 1), which was used to transform E.
faecalis FA2-2. FA2-2(pX9fQHAT) was observed to be noncy-
tolytic, indicating that CylM expression was essential for
cytolysin expression.
As was observed for the previous site-specific mutations,

FA2-2(pX9QHAT) actively secreted CylA, as evidenced by
hemolysis at the junction of a cross-streak made with FA2-
2(pAM9055). When FA2-2(pX9fHAT) was streaked across
cells harboring the previously described insertion mutations in
cylLL(pX9f'PAT) and cylLs (pX9Q1AAT), however, no hemo-
lysis was observed at either of the streak junctions (Fig. 3),
indicating that expression, posttranslational modification, or se-

CTAGAAATTGCTTTGAATATTTATAATCCATATAAATATATTAATGATTTGAAAAATCAA
2941 - +----.----_----------------------------------------------- 3000

L E I A L N I Y N P Y K Y I N D L K NQ -

AATTCAAATAAATATATTTATACTGGCTTAGAGCTAAACAGTAAAATTATTCAAGCATGT
3001 + . + .+ + . + - + 3060

N S N K Y I Y T G L E L N S K I I Q AC -

CAGAAGATAGAGAAAAAAATTTTCAAGAGAGCTATTTTTAATAAAAAAACCAATACTGTA
3061 +- +- +-+ . +-+ 3120

Q K I E K K I F K R A I F N K K T N T V -

AATTGGATTGACATAAAGTTGGATCAAGATTGGAATGTGGGAATCCTAAATAATAATATG
3121 + . + . + . + . + . + 3180

N W I D I K L D Q D W N V G I L N N NM -

TACGATGGATTGCCTGGTATATTCATATTTTATGTGGCTCTTAAATACATTACAAAGAAT
3181 + . .-.--- 3240

Y D G L P G I F I F Y V A L K Y I T K N -

CATAAATATGACTATGTAATTGAATGTATAAAAAATTCAATTTATACAATACCATCTGAA
3241- + ---- 3300

H K Y D Y V I E C I K N S I Y T I P S E -

GATATATTGTCAGCTTTTTTTGGAAAAGGAAGTTTAATATATCCTTTACTTGTAGATTAC
3301 + + +++-+-------..- 3360

D I L S A F F G K G S L I Y P L L V DY -

CGCTTAAATAATGATATAAACTCTTTAAATGTAGCCGTAGAAATTGCAGACATGTTGATT
3361 +- +-+-+ - + - + 3420

R L N N D I N S L N V A V E I A D M L I -

GAAAAGAAACCGATAAATAATGGCGAGTTAAAAAATGATTGGATCCACGGGCATAATAGT
3421 + . +-+-+-+ . + 3480

E K K P I N N G E L K N D W I H G H N S -

ATAATAAAAGTTTTATTATTGTTATCCGAGATAACAGAGGATGAAAAATATAGAAAATTT
3481

. . . ..-+ 3540

I I K V L L L L S E I T E D E K Y R K F -

TCATTAGAAATTTTTGAAAAATTATCCGAAGAACCCTATTTTAATTTCAGAGGATTCGGA
3541- + . +-+ . + +-+ 3600

S L E I F E K L S E E P Y F N F R G F G -

CACGGTATATATAGCTATGTCCATCTTCTATCAAAATTCAATAGGATAGATAAGGCAAAT
3601 + . . +-+ . + - 3660

H G I Y S Y V H L L S K F N R I D K A N -

TCTTTACTTCATAAAATTAAAGAATCATACTTTGAAGAAGAACCTAAAAACAATAGTTGG
3661-

. +-+ . +-+ 3720
S L L H K I K E S Y F E E E P K N N SM -

TGTAAGGGAACTGTAGGTGAACTTTTAGCGACAATTGAATTATATGATGATAACATTTCA
3721

. +-+-+-+ . 3780
C K G T V G E L L A T I E L Y D D N I S -

AATATAGATATTAATAAAACCATAGAATATAAAAATAAAGATTGTCTGTGCCATGGAAAT
3781 +-+ . +-+ - . 3840

N I D I N K T I E Y K N K D C L C H G N -

GCAGGTACTTTAGAAGGTCTAATTCAATTAGCTAAAAAAGATCCTGGAACTTATCAGTAT3841----+ 3900

A G T L E G L I Q L A K K D P G T Y Q Y -

'ontinued.

cretion of both CylLL and CylLM from construction pX9Q1HAT
depended upon expression of functional CyIM. To prove that the
block in externalization of functional CylL_ and CylL5 observed
for the strain bearing the site-specific lesion in cyiM did not result
from unknown polar effects on the gene immediately down-
stream, the following experiment was performed. pX9fQHAT was
transformed into the recombination-deficient E. faecalis
strain, UV202. A functional cyIM determinant was intro-
duced in trans by filter mating (21) UV202(pX9fQHAT) with
JH2SS(pAM307), a pAD1 derivative which harbors a Tn917
insertion in the ORF immediately downstream of cylM,
termed cyIB (Fig. 1) (17). The precise location of this transpo-
son insertion within cyIB has been determined by nucleotide
sequence analysis (17, 42). Transconjugants were identified by
selecting for recipient chromosomal markers (rifampin and
fusidic acid resistances) and donor plasmid markers (erythro-
mycin resistance). Introduction of pAM307 harboring an intact
cyIM gene, but a Tn917 insertionally inactivated cyIB gene,
restored the cytolytic phenotype to UV202(pX9QHAT), dem-
onstrating that mutations within cyIM and cyIB were capable of
trans complementation and proving unambiguously that ex-
pression, modification, or secretion of CylL_ and CylLs is
dependent upon expression of the cyIM gene.

Polar effects of Tn917 insertion into cyiM. The above-
described experiment demonstrated that linker mutagenesis
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AAAAAAAATAAACTTATTAGCTATATGTTAAAGTATTTTGAAAAAAATAATACACTAAAG
3901 +. + . + . + . +-+ 3960

K K N K L I S Y M L K Y F E K N N T L K -

GTTGCCGGAAGTGAGTATTT.^GAATCACTAGGATTCTTTGTAGGAATCAGTGGTGTGGGT
3961- + +- +- +- +- + 4020

V A G S E Y L E S L G F F V G I S G V G -

TATGAATTATTGAGAAACCTAGATTCTGAAATTCCGAATGCATTACTTTTTGAGTTATAA
4021- +- +- +- +- +- + 4080

Y E L L R N L D S E I P N A L L F E L * -

GAGGTGTAATTATGAAAAGATTGAAGTACGTTGCGCAAGGAGAGCATAGTGAATGTGCTT
4081 + . + . + . + . + . + 4140

Cy1B: M K R L K Y V A Q G E H S E C A L -

4141 -----------------------. .cy1B (17) ...---------------------+ 6180

GCGAGTTATATCGTTCACTGTATTACAAAAAACAACAATTTGGAGGTACAAAATGAAAAA
6181- + . + . + . + . + + 6240

Cy1B (contd) CylA: M K K -
E L Y R S L Y Y K K Q Q F G G T K

6241 ------------------------... cylA (41) ...-------------------- 7440

GCTTAAATACAAAGAGGTGAGAATAAAATAGATGAAATTTATATCTCCGATGATCTTTAC
7441 + . + . + . + . + . + 7500

CylA (cont'd)
L K Y K E V R I K

FIG. 2-Continued.

near the 5' end of cyiM did not have an observable polar effect
on expression of downstream cyiB and cylA, as determined by
intracellular and extracellular trans complementation events,
respectively, with Tn917 insertion mutations. To clearly deter-
mine whether regulation of cyiM expression was related or
unrelated to expression of cyiB and cylA, it was therefore of
interest to determine whether the converse was true-that is,
whether Tn917 insertion within cyiM exerts a polar effect on
the expression of downstream cyiB and cylA genes. Previous
studies had shown that transposon insertion 5' to cyLA resulted
in a noncytolytic but CylA+ phenotype, with little discernible
quantitative effect on expression of CylA (24, 41).
Among Tn917 insertions into wild-type plasmid pAD1 pre-

viously examined for expression of CyIA, two (pAM9064 and
pAM9061 [24]) that mapped within the region determined in
the present study to encode CylM (Fig. 1) were selected for
complementation analysis. Each Tn9O7 insertion derivative
was introduced by conjugation into UV202 strains harboring
each of the previously described linker insertion mutations in
cylLL (pX9fQPAT), CYlLS (pX9fQAAT), and cyIM (pX9fQHAT).
Additionally, a previously described construction harboring a
mutagenic ClaI linker inserted into the cyiB reading frame
(pRAS28-4Q [17]) was tested in these complementation stud-
ies. Prior to testing in E. faecalis UV202, however, the mutated
cytolysin operon carried by an E. coli replicon in the construc-
tion pRAS28-41 was subcloned into shuttle vector pAT28, as
described above. This resulted in the construction pCylBfQAT,
which was capable of replication in E. faecalis UV202.
The results of these intracellular trans complementation

studies are summarized in Fig. 3. The only linker insertion
mutations capable of complementing Tn917 insertions within
cyIM were those with mutagenic linkers in cylLL or cylLs.
Linker insertions in cyIM or cyIB were not capable of comple-
menting transposon insertions in cyIM, regardless of where
within the large cyIM reading frame the transposon insertions
occurred. The observation that Tn9O7 insertion into cyIM
abrogates expression of cyIB, whereas linker insertion does not,
provides substantial evidence that cyIM and cyIB are tran-

scribed within a polycistronic message which is terminated by
Tn917 insertion.

Externalization of Cyll but not CylLs requires the putative
ATP-binding domain of CyiB. Complementation in the form of
hemolysis was observed at the junction of a cross-streak of
FA2-2(pAM307) (a strain described above that harbors a
Tn917 insertion mutation in the cyiB reading frame) and
FA2-2(pX9f1AAT), which is specifically defective in expres-
sion of CylLs (Fig. 1). This observation indicated that, despite
a defect in cyiB, FA2-2(pAM307) was capable of expressing
and externalizing functional CylLs in a qualitatively undimin-
ished capacity. No hemolysis was observed at the cross-streak
junction of FA2-2(pAM307) and FA2-2(pX9fPAT) (which is
specifically defective in CylLL expression), confirming that
FA2-2(pAM307) was incapable of externalizing CylLL al-
though capable of externalizing CylLs. This observation sug-
gested that perhaps a second secretion mechanism for CylLs
externalization existed. The experiments were repeated using
FA2-2(pCylBfIAT) (Fig. 1), which possesses an in-frame in-
sertion of four additional codons in cyiB. The linker insertion
in pCylBfIAT occurs approximately 250 bp 3' to the point of
Tn917 insertion in plasmid pAM307 as shown in Fig. 1.
Surprisingly, complementation analysis, as described above,
revealed that FA2-2(pCylBfAT) was defective in externaliz-
ing both CylL_ and CylLs. This observation provided evidence
that CylB mediates externalization of both CylLl and CylLs, in
apparent conflict with observations that cells harboring the
Tn917 insertion 250 bp upstream (pAM307) remain capable of
secreting CylLs.
On the basis of the known nucleotide sequence of Tn917 at

the point of insertion in pAM307 (17, 42), a modified, trun-
cated CylB of 293 total residues, with the 14 C-terminal
residues being derived from read-through into the end of
Tn917, would be predicted. The linker mutagenesis in
pCylBfIAT results in the insertion of amino acids M, H, R, and
S at the point of modification but otherwise is predicted to
result in a full-length CylB (17). It was therefore hypothesized
that the additional amino acids inserted into CylB in the
derivative encoded by pCylBfQAT result in a misfolded pro-
tein, or a protein otherwise incapable of orienting or organiz-
ing within the bacterial membrane in a structure capable of
CylLL and CylLs recognition and/or externalization. In con-
trast, the Tn917 truncated form of CylB expressed from
pAM307 would lack the C-terminal ATP-binding domain (17)
but otherwise may be capable of proper folding and organiza-
tion into the membrane and therefore may be capable of
secreting the smaller CylLs but not CylLL.
To test this hypothesis, a frameshift mutation was intro-

duced at the site of linker mutagenesis of pCylBfQAT. Briefly,
pCylBfQAT was digested at the ClaI site engineered into the
mutagenic linker used in pCylBfQAT construction (17) and the
two-base protruding ends were filled in with the Klenow
fragment ofDNA polymerase I and with dGTP and dCTP. The
addition of 2 nucleotides at the ClaI site within pCylBfIAT
resulted in creation of a novel NMI recognition site (in
construction pCylBfIAT-Nru), which would be predicted to
result in a truncated CylB derivative, lacking the C-terminal
ATP-binding domain and approximately 80 amino acid resi-
dues larger than that expressed from pAM307. The prediction
was that this frameshift and protein truncation (in the absence
of aberrantly folded domains C-terminal to the point of
modification) would restore normal folding and organization
in the membrane of the amino-terminal half of CylB and
therefore restore competence for secretion of CylLs but not
CylLL (as observed for cells harboring pAM307). Hemolysis
was in fact observed at the junction of a cross-streak of
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FIG. 3. Extracellular and intracellular trans-complementation analysis. NT, not tested. For extracellular complementation, a plus sign indicates
the formation of a hemolysis zone at the junction of a cross-streak of E. faecalis FA2-2 harboring separately each of the plasmids indicated and
a minus sign indicates no hemolysis zone at the junction of the cross-streak. For intracellular complementation, a plus sign indicates the formation
of a hemolysis zone around colonies of the recombination-deficient E. faecalis UV202 when harboring both plasmids indicated and a minus sign
indicates those combinations of plasmids that failed to confer a hemolytic phenotype. *, approximate positions of linker insertion mutations that
result in a shift in reading frame; o, approximate position of a linker insertion mutation that, although introducing new codons, preserved the
reading frame; A, approximate locations of Tn917 insertions.

FA2-2(pCylBQlAT-Nru) and FA2-2(pX9flAAT) but not at the
junction of FA2-2(pCylBIAT-Nru) and FA2-2(pX9fIPAT).
Therefore, truncation of the defective CylB encoded by
pCylBHAT, resulting from the introduction of a frameshift in
pCylBfIAT-Nru, restored competence for externalization of
CylLs but not CylLL.

Linker mutagenesis of an ORF 5' to cylLL. To demonstrate
that a divergent, upstream ORF that initiates 118 bp 5' to
cylLL is not detectably related to cytolysin expression or

immunity, a mutagenic linker was inserted into a unique

EcoRV recognition site that occurs within this ORF. Insertion
of the 10-bp mutagenic linker, as described in Materials and
Methods, and transformation of the recombinant molecule
into E. coli resulted in a hemolytic phenotype that was

indistinguishable from those of transformants of the parental
pXMA9 plasmid. Subcloning of the cytolysin operon with the
inserted mutagenic linker into shuttle vector pAT28 (44) as a

KpnI-XbaI restriction fragment resulted in plasmid pX9f1EAT.
Electrotransformation of pX9f1EAT into FA2-2 resulted in
transformants with qualitatively normal hemolytic and bacte-

FIG. 4. Cytolytic activity requires three independently expressed and secreted components. Cytolytic activity occurs only at the junction of a

three-way streak of FA2-2(pX9fQPATAA) (CylLL CylLs' CylM+ CylB+ Cyl- [which contributes CylLs; Fig. 1]); FA2-2(pX9flAATAA)
(CylLL+ CylLs- CylM+ CylB+ CylA- [which contributes CylLL]); and FA2-2(pX9f1HAT) (CylLL+ CylLs+ CylM- CylB+ Cy1A+ [which is

phenotypically CylLL- and CylLs- but contributes CyIA]). No activity occurs with any combination of two secreted factors, as can be seen along
the parallel legs of the streaks.

NT
+ NT + + + +
- - NT - + +
- - - NT ---+
- + - NT NTNTNTNT
- + - NT NTNTNTNT
+ + + + NTNTNTNT
Extracellular Intracellular
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9. & S

4
Target CellI

Lysis 14

FIG. 5. Model of E. faecalis cytolysin maturation, externalization, and activation. Secretion of CylLL (LL) and CylLs (Ls) in a state that can be
activated extracellularly by CylA requires expression of a functional CylM (M) gene product, indicating that CylM is involved in maturation of both
CylLL and CylLs (putatively to CylLL* [LL*] and CylLs [LL*]). Following direct or indirect interaction with CylM, CylLL and CylLs are secreted
via the CylB ATP-binding cassette transporter, CylB (15, 17), although CylLs* export does not require the ATP-binding domain of CylB. Once
outside of the cell, the cytolysin precursor components are activated by CylA (A) (a protein resembling subtilisin class serine proteases that is
secreted independently of cyiB, presumably by a conventional secA-secY type process [41]) and target cell lysis is effected by a process that may
involve CylLL and CylLs interaction (either in solution or on the membrane) since neither is active individually.

riolytic phenotypes. This evidence indicates that the divergent,
upstream ORF is not detectably related to expression of the
cytolysin.

DISCUSSION

We have shown by mutagenesis and complementation that
production of cytolytic activity by E. faecalis requires expres-
sion of five reading frames: cylLL, cylLs, cylM, cyIB, and cylA.
Expression of all five reading frames is required for production
of both hemolytic and bacteriolytic activities, and it is now
unambiguous that these represent two manifestations of the
same activity.
CylA has been shown previously to activate the cytolysin

precursor(s) extracellularly (18, 24, 41). Furthermore, CylA
possesses structural and biochemical similarity to subtilisin
class serine proteases, suggesting that the extracellular activa-
tion mechanism is proteolysis (41). CylB was reported previ-
ously to bear structural resemblance to members of the large
class of bacterial toxin transporters typified by HlyB of the E.
coli a-hemolysin operon (17). On the basis of this resemblance
and the dependence of cytolysin precursor externalization on a
functional cyIB determinant, it was suggested that the product
of cyIB mediates externalization of the E. faecalis cytolysin
precursor (17).

In the present study, two inferred gene products that appear
to represent the E. faecalis cytolysin precursor were identified.
Each of these products, Cyl~L and CylLs, can be comple-
mented extracellularly, as can be demonstrated at the junction
of a cross-streak (Fig. 4). A number of observations suggest
that CylLL and CylLs are related to a rapidly expanding class
of bacteriocins of gram-positive origin-the lantibiotics. The
inferred primary amino acid sequence of each of the products
is hydrophilic toward the amino-terminal end and becomes
hydrophobic toward the carboxyl terminus as is typical for
lantibiotics (1, 30, 31, 40). The small sizes of the inferred
products of cylLL and cylLs (68 and 63 amino acids, respec-

tively) are also similar to those reported for lantibiotic precur-
sors (1, 31, 40). Each of the inferred products is relatively rich
in cysteine, and the cysteine residues are flanked by hydroxy-
lated amino acids, which in lantibiotics are combined to form
lanthionine and lanthionine derivatives.
Common features with lantibiotics and their genetic deter-

minants extend beyond the structural similarities that occur
between lantibiotic precursors and CyIL- and CylLs. Where
lantibiotic genes have been studied, each has been observed to
exist as an integral part of a complex operon. Common among
lantibiotic operons are dedicated lantibiotic secretion proteins
related to the HlyB family (7, 33, 39), as was first reported for
CylB (17). A recent comparison of these ATP-binding cassette
transporters revealed that the closest relatives of cyiB were in
fact those encoded within lantibiotic operons (15). A subtilisin
class serine protease activator, analogous to CylA (41), has
been identified as an integral component in the maturation
pathway for the lantibiotics epidermin (39) and nisin (45).
Further, analogs to the C-terminal half of the cyIM reading
frame, which was observed in this study to be essential for
cytolysin expression, also occur within lantibiotic operons (7,
36, 39). Although little evidence that precisely defines a role
for analogs of CylM exists, they have been hypothesized to be
involved in the modification of the ribosomally incorporated
amino acids cysteine, serine, and threonine into the character-
istic lanthionine residues (33, 39).
On the basis of the results of deletion analysis, linker and

transposon insertional mutagenesis, trans complementation
(both intra- and extracellular), and identification of parallels
and precedents observed within operons encoding lantibiotics,
the following model for E. faecalis cytolysin expression is
proposed (Fig. 5).

(i) Genes related to intracellular maturation (cyiM) and
secretion (cylB) of the cytolysin precursors (CylLL and CylLs)
are transcribed as a unit, perhaps including the coding infor-
mation for the cytolysin precursors as well. This deduction is
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based on the observation of a strong polar effect of Tn9l 7
insertion within various regions of cylM on the expression of
cylB, as detected by intracellular complementation. The cylA
gene, which encodes the extracellular activator of the cytolysin,
appears to be transcribed independently, since previous studies
showed that Tn917 insertions within regions of the cytolysin
operon 5' to the cyL4 structural gene do not detectably affect its
expression (24, 41) (even though expression of a gene imme-
diately 3' to some transposon insertions [i.e., cyiB] is abrogat-
ed). The independently expressed cyL4 gene product appears
to be secreted via a conventional signal peptide-mediated
event, since previous studies found that inactivation of the
putative cytolysin secretory protein, CylB, did not affect exter-
nalization of CyIA (17). Further, CyIA appears to possess a
conventional signal peptide sequence (41).

(ii) CylM appears to modify the cytolysin precursors CylLL
and CylLs (a theory based on similarity between the structure
and inferred function of CylM and analogs occurring in
lantibiotic operons [7, 36, 39] and based on the observation in
the present study that secretion of either CylLL or CylLs in an
activatable form requires a functional cylM determinant). This
posttranslational modification may involve the fusion of dehy-
drated hydroxyl amino acids and cysteines within CylLL and
CylLs to lanthionine bridges or related structures, since both
cytolysin precursors contain multiple potential modification
sites of sequence (S/T)XXXC, similar to the modification
signature observed within other lantibiotic precursors (1, 31,
40).

(iii) Following modification, the cytolysin precursors CylLL
and CylLs appear to be secreted through CylB. However, since
it was observed in the present study that truncation of the
C-terminal half of CylB permitted externalization of activat-
able CylLs, but not CylLL, CylLs appears to be passively
externalized through the putative CylB channel, whereas
CylLL appears to require the coupled energetics provided by
the CylB C-terminal ATP-binding domain. The signal that
targets CylL_ and CylLs for secretion remains to be identified
experimentally. CylLL and CylLs share in common a run of 25
of 26 identities, with few other similarities in primary amino
acid sequences. Similar amino-terminal hydrophilic sequences
appear to target other lantibiotics for secretion by CyiB-related
proteins encoded by other lantibiotic operons (1, 31, 40). If the
conserved domain is related to CylLL and CylLs targeting, then
positional effects may determine its dependence on CylB
energetics for export, since the conserved peptide sequence
occurs near the amino terminus of CylLL but is centrally
located within CylLs. Once outside the cell, CylA appears to
activate one or both cytolysin precursors (CylLL and/or CylLs)
by limited proteolysis as discussed previously (41). Previous
studies have suggested that immunity to the activated cytolysin
for the producing bacterium may be achieved by further
proteolysis near the surface of the cell, where CylA occurs at
high levels (41).
Taken together, the evidence that the E. faecalis cytolysin

represents a new class of cytolytic agent related to lantibiotics
is compelling. The actual presence of posttranslationally mod-
ified amino acids within purified CylL, and CylLs remains to
be demonstrated and is the aim of current studies. Despite
considerable similarity at the genetic level, the E. faecalis
cytolysin differs from the class of lantibiotics typified by nisin
(30, 34) in several respects. First, the E. faecalis cytolysin
consists of two dissimilar precursors, both of which are re-
quired to effect target cell lysis. A second important difference
is that the E. faecalis cytolysin is not limited in target cell
specificity to only prokaryotic cells. In fact, the E. faecalis
cytolysin, originally identified as a hemolysin (43), has been

shown to make an important contribution to the severity of
disease in endophthalmitis (29) and endocarditis (6) models
and the cytolytic phenotype is enriched among clinical isolates
of the organism (22, 26). The observation of an association
between the E. faecalis cytolysin and bacterial virulence and
the finding of similarities between the E. faecalis cytolysin and
lantibiotics such as nisin (which has been approved for use in
food in several countries [38]) indicate that the potential for
engineering lantibiotics past some threshold where undesired
toxic or cytolytic activities may arise exists. Further compari-
sons between the chemical, structural, and biological proper-
ties of the E. faecalis cytolysin and classical lantibiotics will help
to define these limits.
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